The environment around a cell during in vitro culture is unlikely to mimic those in vivo. Preliminary experiments with nanotopography have shown that nanoscale features can strongly influence cell morphology, adhesion, proliferation and gene regulation, but the mechanisms mediating this cell response remain unclear. In this study a well defined nanotopography, consisting of 100 nm wide and 160 nm high cylindrical columns, was used in fibroblast culture. In order to build on previously published morphological data that showed changes in cell spreading on the nanocolumns, in this study gene regulation was monitored using a 1718 gene microarray. Transmission electron microscopy, fluorescent observation of actin and Rac and area quantification have been used to re-affirm the microarray observations. The results indicate that changes in cell spreading correlate with a number of gene up-and down-regulations as will be described within the manuscript.
Introduction
It has been known for almost one hundred years that cells will react to the topographic structure of their environment, and in 1952 Weiss and Garber first used the term contact guidance (Carrel and Burrows, 1911; Weiss and Garber 1952) . Advances in micro-technology have allowed researchers in more recent history to produce accurate micro-scale substrates upon which to study the influence of topographic structures on cells. The effects of microtopography have been extensively studied and include changes in cell adhesion, contact guidance, cytoskeletal organisation, apoptosis, macrophage activation and gene expression (Clark et al., 1987 (Clark et al., , 1990 Wojciack-Stothard et al., 1995; Britland et al., 1996; Chen et al., 1997; Dalby et al., 2003) . When considering research topics such as tissue engineering, where the focus is to restore the function of damaged tissue, these are all key processes in tissue survival.
The mechanism by which cells react to topography and the routes to signal transduction, however, remain unclear. In a recent study, we cultured fibroblasts on microgrooved surface topographies and morphological and gene expression data were analysed. As expected, the cells aligned along the grooves, demonstrating contact guidance. Cell nuclei were also seen to elongate along the grooves becoming longer and narrower. Using microarray technology, the study showed a large number of gene changes after 24 hours (average shift of 129%) and 5 days (average shift of -88%) compared to flat controls. These changes were in the areas of cytoskeleton, cell signalling, extracellular matrix regulation and proliferation (Dalby et al., 2003) .
Nanoscale topography may be of great importance when considering how cells respond to their environment, and certainly appears to alter significantly the morphology of endothelial cells, epithelial cells, epitenon cells, macrophages, osteoblasts and fibroblasts (Dalby et al., 2002a (Dalby et al., ,b, 2004a Wood et al., 2002; Rice et al., 2003; Andersson et al., 2003a,b,c) .
In this manuscript a nanotopography produced by colloidal lithography will be considered. Previous cellbased studies with this topography have shown changes in morphology, endocytosis, filopodia production, migration and cytokine release. For a brief overview of the breadth of cell responses observed so far please see Table 1 .
As has been used in our previous studies (Dalby et al., 2004a,b,c) , nanocolumns (160-170 nm high) were employed. To fabricate the topography, a dispersed monolayer of nanoscale colloids were self-assembled on a surface then used as a template (Denis et al., 2002) . The colloids were electrostatically self-assembled on a polymethylmethacrylate (PMMA) surface and used as an isotropic etch mask. As the colloids are removed by etching, so are areas of the surrounding polymer. The result is a surface of densely packed arrays of cylindrical nanocolumns. Microarrays are a powerful biological tool in cell biology. They present a method of 'fishing' for changes by observing many gene regulations simultaneously. Thus, a logical progression from the morphological studies was to use 1718 gene microarray to monitor gene regulation within the human fibroblasts (h-tert BJ1) cultured on the nanocolumns. However, some caution must be applied to the interpretation of microarray data, and thus cell morphology has also been observed using light, electron and fluorescent microscopy.
Materials and Methods. Material Fabrication
The starting substrate for fabrication of all samples was bulk oöymethylmethacrylate (PMMA). The PMMA substrates were precut into 8 mm by 8 mm squares using a diamond saw (Loadpoint, Swindon, UK). The 1 mm thick substrates were precut to a depth of 600 µm from the backside. Colloidal lithography was used to modify the surface of the polymer producing nanostructured features. This approach is described in detail elsewhere (Denis et al., 2002) , but in brief utilises electrostatically assembled dispersed monolayers of colloidal particles as masks for pattern transfer onto substrate materials. In this work the substrate materials were pretreated with a light oxygen plasma (0.25 Torr, 50 W RF, 120s) followed by electrostatic self-assembly of a multilayer of polyelectrolytes (poly(diallyldimethylammonium chloride) (PDDA, MW 200000-350000; Sigma-Aldrich, Gillingham, Dorset, UK), poly(sodium 4-styrenesulfonate) (PSS, MW 70000, Sigma-Aldrich) and aluminium chloride hydroxide (ACH; Reheis, Uxbridge, UK). Subsequent assembly of a colloidal mask (sulphate modified polystyrene colloid 107 nm ± 5 nm; Interfacial Dynamics Corp., now: Molecular Probes, Eugene, OR, USA) from aqueous solution followed by drying resulted in a dispersed colloidal monolayer which has short range order, but no long range order.
The pattern of the colloidal mask was transferred into the bulk polymer using a combination of vertical and angled argon ion bombardment (250 eV, 0.2 mA/cm 2 , 600 s from 15 degrees from vertical followed by 840 s from vertical; Chemically Assisted Ion Beam Etching (CAIBE) Ion Beam System; Oxford Instruments (Oxford, U.K.) Ionfab), etching was continued until the particles were completely removed resulting in cylindrical pillars. Figure 1 shows an atomic force microscopy (AFM) height image of the resultant structures (tapping mode; Digital Instruments (now Veeco Instruments, Cambridge, U.K.) Dimension 3000, with a sharpened silicon oxide tip; NT-MDT, Moscow, Russia). During the etching process the surface of the polymer is oxidised and cross-linked with the argon ions penetrating only relatively short distances into the polymer and modifying only a thin outer layer (5-7 nm). Flat control substrates with matched surface chemistry (characterised by X-ray fluorescence spectroscopy (XPS) data not shown here) were fabricated by subjecting flat PMMA substrates with no assembled particles to argon ion bombardment. The resultant surfaces had roughness levels around 3-5 nm, as shown by AFM.
Samples for cell culture were snapped along pre-cut lines into 8 mm by 8 mm squares and blown with nitrogen to remove any particulate contamination and presterilised in 70% ethanol. Fabrication and pre-cleaning was carried out in a class 1000 clean room before packaging in airtight boxes for transfer. Finally samples were sterilised in 70% ethanol prior to use.
Cell Culture
Infinity TM telomerase immortalised human fibroblasts (hTERT-BJ1, Clonetech Laboratories, Palo Alto, CA, USA) were seeded onto the test materials at a density of 1 x 10 4 cells per sample in 1 ml of complete medium. These cells were selected as they are genetically stable and show closer phenotypical reactions to primary cells than transformed cells, but do not undergo senescence like primary cells. The medium used was 71% Dulbecco's Modified Eagle's Medium (DMEM) (SigmaAldrich), 17.5% Medium 199 (Sigma-Aldrich), 9% foetal calf serum (FCS) (Invitrogen Life Technologies, Paisley, UK), 1.6% 200 mM L-glutamine (Invitrogen Life Technologies) and 0.9% 100 mM sodium pyruvate (Invitrogen Life Technologies). The cells were incubated at 37 o C with a 5% CO 2 atmosphere, and the medium was changed twice a week.
Quantification of Cell Area
After three days of culture (to allow the viewing of individual cells), the cells were washed in phosphate buffered saline (PBS) and then fixed in 4% formaldehyde / PBS for 15 minutes at 37 o C. The cells were then stained for 2 minutes in 0.5% Coomassie blue in a methanol / acetic acid aqueous solution, and washed with water to remove excess dye. Samples could then be observed by light microscopy, and digital images were captured using a Hamamatsu (Hamamatsu City, Japan) Argus 20 for image processing. For cell area quantification Image J was used (downloaded from the National Institute of Health, Bethesda, MD, USA-free download available at http://rsb.info.nih.gov/ij/). This used automated detection of cell outline and calculated the number of pixels covered by cells. Approximately 50 cells were counted on each material, and it should be noted that standardised illumination conditions were used throughout.
Student's t-test (for two samples, assuming unequal variances) was used to compare statistical significance of test materials against the flat. Results of p < 0.01 were considered significantly different from control (differences denoted by **).
RNA Expression Analysis
Individual gene expression changes were detected by using spotted DNA microarrays. The arrays were printed with 1,718 distinct human transcripts obtained from the Human fibroblasts cultured on nanocolumns Ontario Cancer Institute Microarray Centre (http:// www.microarrays.ca). Complete protocols for the generation of fluorescence labelled samples from whole cell RNA, hybridisation to DNA microarrays and data processing can be found at this website.
In brief, cells were seeded at 1 x 10 4 cells/ml and cultured up to approximately 90% confluency (10 days in culture) so as to allow sufficient quantities of RNA to be extracted. At this point, the cells were lysed and total RNA was extracted using a Qiagen RNeasy kit (Qiagen, Crawley, West Sussex, UK). The number of replicates used was 6, but pairs were pooled to allow sufficient RNA extraction, thus giving 3 control and 3 test RNA extrudates. Measurement of RNA was performed at l=260nm.
2 µg of RNA from each sample was used to make CY3-or CY5-(Amersham Pharmacia, Amersham, UK) labelled cDNA using Superscript II reverse transcriptase with a poly-T mRNA primer (Gibco BRL; Invitrogen Life Technologies). For two of the arrays, the controls were labelled with CY5 and the test samples with CY3. For the third array, the controls were labelled with CY3 and the test samples with CY5. This reciprocal labelling ensures that the results are not artefacts of which dyes were used for the controls and samples (i.e. the results must be the same with each 'flip' in order to be accepted). Samples were prepared for hybridisation by combining fragmented salmon sperm DNA (0.5 µg/µl; Gibco BRL, UK) and yeast tRNA (0.5 µg/µl; Gibco BRL) in EasyHyb solution (Roche Diagnostics, Lewes, East Sussex, UK). Samples were hybridised for 16 h at 37 o C onto three cDNA microarrays containing 1,718 known human expressed sequence tags. Arrays were next washed three times at room temperature with 0.1% (v/v) saline sodium citrate (SSC) containing 0.1% (v/v) sodium dodecyl sulfate (SDS) followed by one wash with 0.1% SSC alone.
Fluorescence intensities were captured using a Packard Scanarray Lite (Perkin Elmer, Boston, MA, USA) laser confocal scanner. Data was exported into a spread-sheet where the mean gene changes were calculated. Genes that exhibited a mean change of ± 100% were then fitted into the following headings for convenience: cytoskeleton, extracellular matrix, DNA transcription and translation and cell signalling.
Transmission Electron Microscopy
After 4 weeks of culture, the cells were fixed with 1.5% glutaraldehyde (Agar, Stansted, UK) buffered with 0.1 M sodium cacodylate (Agar) for 1 hour. Cells were postfixed with 1% osmium tetroxide, dehydrated in a series of alcohols (70, 90, 96 and 100%; sodium sulfate dried). Once dehydrated the samples were embedded in Spurr's resin (TAAB, Aldermaston, Berkshire, UK) and polymerised at 70 o C for 18 h. Ultrathin sections were cut, stained with uranyl acetate (2% aq.) and lead citrate, and viewed with a Zeiss (Oberkochen, Germany) transmission electron microscope (TEM).
Results and Discussion
Colloidal lithography produced columns with an average height of 160 nm, diameter of 100 nm and spacing of approximately 230 nm (Figure 1) . Coomassie blue staining and image analysis of cell areas showed the fibroblasts to be less spread on the nano-columns compared to planar control (Figure 2) .
Microarray data after fibroblast culture showed a number of shifts in gene expression. Table 2 shows the selected genes and briefly describes the function of the protein encoded by the gene, and how the production of the protein would affect a population of fibroblasts. Information on each gene of interest was found using gene bank numbers and the Stanford Source (http://genomewww5.stanford.edu/cgi-bin/SMD/source/sourceSearch (Diehn et al., 2003) ).
The changes were predominantly down-regulation, which may be expected with less well spread fibroblasts. These down-regulations comprised a number of intracellular signalling proteins. Amongst these were a few small G-proteins. G-proteins have roles in the cytoskeletal conformation, formation and control of filopodia and lamellipodia, and control of proliferative genes. Tyrosine kinases, also down-regulated, interact with Ras G-proteins to stimulate cell proliferation and differentiation. These observations tie in well with observations of reduced cytoskeletal organisation and spreading (Dalby et al., 2004a,b) . Rac is involved in the formation of lamellipodia, thus down-regulation of Rac ties in with a decrease in cell spreading on the nano-columns as cells use lamellapodia to spread and move (Spaargaren and Bos 1999; Sumi et al., 1999; Scaife et al., 2000; Katoh et al., 2001a,b) .
Rac immunostaining (Figure 2) shows the Rac distribution in a well spread cell on control and a less spread cell on the nanocolumns. Whilst the way that Rac is distributed looks similar, due to the small size of the cells on the nanocolumns, it appears that there is simply less Rac present (however, Rac enrichment at the sites of lammelipodia formation is clear in cells on the nanocolumns). This ties in well with the microarray result.
Alpha-actinin was also down-regulated and is involved in the formation of lamellipodia by cross-linking actin microfilaments. Cell spreading and the formation of filopodia is related to the cells ability to develop a wellorganised cytoskeleton. Rhodamine-phalloidin staining of actin microfilaments (Figure 3) shows that compared to the well-developed cytoskeleton observed in fibroblasts on the planar controls, cells on the nanocolumns had a rather punctate actin organisation, typical of poorly spread cells, with many filopodia, typical of cells on topography 'sensing' their surroundings (Dalby et al., 2004e) . Again, these results back up the microarray data and are consistent with cells where actin cross-linking is decreased.
An interplay of up-and down-regulation was seen for the inter-cellular cytokine signalling proteins. Up-regulated were cytokine receptor class II (CRF2-4), transforming growth factor alpha (TGF-a) and tumor necrosis factor (TNF) receptor 2. Down-regulated were Insulin-like growth factor binding protein 1 (IGFBP-1), alpha plateletderived growth factor (aPDGF) receptor. Bone morphogenic protein (BMP) receptor IA also acts as an Figure 2 by briefly explaining the role of the protein product of the changed genes. inter-cellular signalling protein and was down-regulated. As shown in Table 2 , these proteins influence fibroblast proliferation and differentiation and will be important in the development of new tissue (Bagutti et al., 2001; Takashiba et al., 2003 ; see review by Atamas, 2002 for good discussion of effects of cytokines on fibroblasts). As discussed in the introduction cytokine release (IL-6 and IL-8) have previously been flagged as important in epithelial cells (Andersson et al., 2003c) . A number of transcription factors and genes involved with proliferation were also shown to be down-regulated (Table 2 ). Figure 4 shows electron microscopy sections of fibroblasts on the flat and nanostructured substrates. After 4 weeks on the control samples, the fibroblasts had formed Human fibroblasts cultured on nanocolumns There has been a wealth of publication on cell responses to topography produced by colloidal lithography from this lab (Dalby et al., 2004a,b,c) and by other groups (Andersson et al., 2003a,b,c; Rice et al., 2003) . Comparison of these results and results on other topographies such as polymer demixed nanoislands (Dalby et al., 2002a,b) and electron beam lithographical (EBL) surfaces (Gallagher et al., 2002; Dalby et al., 2004e) shows that cells are highly responsive to nanotopography with EBL nanopits and colloidal nanocolumns reducing adhesion and more gentle nanoislands increasing adhesion. By increasing and reducing the feature shapes intermediate control can also be gained (see Dalby et al., 2002a which change EBL pit size and polymer demixed island diameter). The ability to control cell adhesion and response is desirable in cell engineering and suggests that nanotopography will have an important role in the development of next-generation materials. multi-layers of cells, whereas on the nanocolumns, the cells were just a monolayer thick. This is concurrent with the microarray observation of proliferative gene downregulation. These results also agree with TEM images from Dalby et al. (2004a) .
Gene name function in fibroblasts

Conclusion
The results from the microarrays have allowed us to sift through a large number of genes (1718) simultaneously. The changes noted were much smaller than those that have been previously observed on microtopography. This might be expected as microscale topography produced much larger changes in cell shape (such as contact guidance in grooves (Clark et al., 1987) or trapping in pits (Berry et al., 2004) ), whereas the colloidal nanotopography only results in a decrease in cell spreading.
